Abstract: We present a technological approach to the realization of channeled optical waveguides, starting from reactively sputtered tellurite glass thin films, grown on silica-coated 4" Si wafers. In particular, optical lithographic process and etching recipes have been developed to overcome the solubility of TeO 2 films in aqueous solutions, and to process them into high-index contrast structures with minimized post-etch roughness. Optical tests on preliminary rib waveguide geometries feature 6.3 dB/cm propagation loss for fundamental TE mode at λ = 1.5 µm.
Introduction
Amorphous Tellurium oxides (TeO x x~2) have been extensively studied in recent years, as promising and versatile optical materials. Since pure bulk TeO x of good amorphous quality is hardly obtainable from the melt, due to rapid crystallization during the cooling process, multicomponent glasses are usually realized, whose composition is tailored to application-required characteristics. For an overview of physical and optical properties of tellurium oxide glasses and related alloys, the reader can refer to the handbook by Mallawani [1]. In general, by use of these materials it is possible to conjugate optical transparency in the visible and infrared optical spectra with elevated values of refractive index (n~2) and low chromatic dispersion. Moreover, measured values of nonlinear third-order susceptibility χ(3), in the range of 10 -12
esu, appeal to the exploitation in all-optical processing of infrared signals [2, 3] . Drawing technology for tellurite fibers traces back to early 1990s [3, 4] . Thanks to the features of TeO 2 -based glasses as host matrices for rare-earth ions, broadband fiber optics amplifiers operating at λ = 1.5 µm, as well as at λ = 1.3 µm, have been demonstrated [5] [6] [7] . A fundamental step to full technological exploitation of these materials is the feasibility of integrated optics devices; actually, several solutions to this have already been proposed in the literature. Waveguiding effects have been demonstrated in multi-component bulk glass substrates, either by the direct laser writing of buried waveguides, reaching low-contrast regimes with Δn ranging from 1 x 10 -4 to 9 x 10 -3 [8-10], or by ion-exchange methods, which reach Δn/n up to 5 % [11] in slab waveguide geometry. A different approach, based on the fiber-on-glass method, has been proposed to obtain channeled waveguides [12] . However, low Δn core-cladding contrast is an intrinsic limitation of technological approaches based on bulk glass substrates. On the contrary, tellurite glasses can be potentially exploited also to implement high-contrast integrated optics, what enables a consistent reduction in waveguide dimensions towards a large scale of integration. Besides, the bulk geometry strongly hinders the possibility to integrate guided optics with other functional elements onto a common technological platform. In perspective, these drawbacks can be both overcome by different approaches, based on the growth of thin tellurite films onto suitable substrates. An example in this direction has recently been suggested by Caricato et al. [13] and configures a slab waveguide, realized by reactive pulsed laser deposition of a thin film of Er-doped tellurite glass onto silica substrate.
On the other hand, reactive sputtering has been demonstrated as a viable approach to the growth of amorphous tellurite thin films onto silica and silicon large area substrates [14] [15] [16] , also enabling the tuning of stoichiometry and optical properties. Multimode optical waveguiding at λ = 633 nm for a TeO 2 slab on Corning glass substrate, featuring propagation loss as low as 0.26 dB/cm was also demonstrated [16] .
In this work we introduce a technological process for the realization of TeO 2 -based, high refractive index contrast channeled optical waveguides. The starting point is the deposition of an amorphous glass film on silica-coated silicon substrates, by radiofrequency reactive sputtering, as described in Section 2; structural, morphological and optical characterizations are also presented, that assess the quality of films in view of applications. Section 3 is devoted to the description of the design criteria and process steps to the realization of the optical structures. Examples of rib waveguides have been demonstrated and characterized and experimental results are discussed in view of effective applications.
The material: growth and characterization
Reactive sputtering from Tellurium targets have proved to be one of the effective techniques to grow pure TeO x glass thin films on substrates [15 -18] . In particular, sputtering is effective in tuning the oxygen molar fraction, from sub-stoichiometric O/Te ratio to oxygen-enriched films. This in turn is a degree of freedom in the definition of optical properties like refractive index and absorption coefficient [15, 18] .
The technological process introduced in this work, towards the definition of integrated optics elements, starts with the deposition of TeO x (x~2) by radio-frequency reactive sputtering from a TeO 2 sintered target. The choice for quasi-stoichiometric composition of the films stems from the request to keep low absorption coefficient in the near infrared, conjugated to elevated refractive index and nonlinear response [14, 15] . The sputtering system (VS80, Kenosystec), is equipped with a loadlock station and pumped to a standard base pressure of 7 x 10 -7 mbar. Sputtering of tellurium oxide films has been performed on 4" (100) Si wafers, both directly on Si surface and onto a SiO 2 cladding layer grown by Plasma Enhanced Physical Vapor Deposition. The surface of the TeO 2 target (circular, 4", purity 99,999%) was cleaned by a presputtering step for about 15 min before deposition. Controlled Ar and O 2 flows (purity 99,9999) were introduced in the growth chamber, the Ar flow being set at Ar=50sccm and the oxygen flow calibrated in order to compensate for O 2 loss during the sputtering process and for stoichiometry tuning. Film deposition parameters are summarized in Table 1 . Compositional characterization of the films (EDAX system -Genesis 4000 XMS) excluded the presence of detectable impurities. Rutherford Back Scattering analysis (RBS) (estimating O/Te ratio within 1%) confirmed homogeneity of all deposited films and showed no variation of Te/O ratio in depth. RBS results have been used to calibrate the oxygen composition of the reactive atmosphere in the sputtering deposition process, leading to controlled stochiometric ratios as reported in Table 2 . Films between 300nm and 2000nm thick were sputtered and morphologically characterized. Good adhesion to the substrate and good quality of the film-substrate interface are evident for films grown both on Si and SiO 2 -coated wafers, from scanning electron microscopy analysis (SEM -LEO 1525). All samples show a densely packed fine grain structure, without the formation of columnar grains. Surface roughness of as-grown films was evaluated by AFM topography (AFM PSIA XE 150) with indipendent Z scanner, using high aspect ratio tips operating in non-contact mode. Average roughness in the range 0.4 nm ÷ 0.5 nm was measured on 1 µm 2 areas, for 1100nm -thick film samples grown on silicon.
The amorphous quality of room-temperature sputtered films on both substrates was assessed by X-Ray Diffraction (Bruker AXS).
The dispersion of real and imaginary parts of the refractive index, respectively n and k, of sputtered film samples at different compositional ratio (1.9 < x < 2.15) has been characterized by variable angle spectroscopic ellipsometry [19] in the 260nm ÷ 1700nm range, with a spectral resolution of 0.03 nm. Experimental results reported in Fig. 1 have been obtained using a Cauchy fitting model for the chromatic dispersion of n, as summarized in Table 3 . The films have been assumed to be single layers of constant composition, as suggested by RBS, and the first guess for film thickness was estimated by SEM inspection. Negligible absorption in the third telecommunication optical window is detected, while a 1.5 % spread in n is measured, as the O/Te ratio is varied. More specifically, n values at λ=1550 nm are plotted in the inset of Fig. 1(b) . Present results substantially correspond, at same O/Te ratios, to those reported in Ref. 15 and referred to films sputtered from metallic Te target. This implies that the nature of the target, whether metallic or oxide, has negligible impact on the optical properties of the deposited amorphous thin film, once the same final stoichiometry and structure are guaranteed by respective process steps.
Realization of tellurite rib waveguides

Technology
Optical materials with elevated index of refraction can in principle be exploited to realize the core of high index contrast optical waveguides. The subwavelength cross-sections and micron-range bending radii of the wire-waveguides [20] , obtainable at core-cladding index contrasts higher than 15%, appeal to optical large scale of integration, but are particularly challenging in terms of required high resolution lithography, minimization of surface and sidewall roughness and fiber-to-waveguide coupling. If the minimization of bending radius is not an aim in itself, an alternative geometry is represented by thick slab rib-waveguides. By suitable design of the rib, single mode conditions can still be guaranteed even in the presence of high refractive index in the core and large waveguide cross-sections [21] . Moreover, the mode field diameter allows efficient coupling without recurring to mode converters and tapered/lensed fibers [22] .
Tellurium oxide, featuring an index contrast over 48% with respect to SiO 2 and about 100% with respect to air, can be selected as the core material in high-contrast geometries where either SiO 2 or air are the cladding materials. Rib waveguides can be obtained by UV lithography and dry etching of the TeO 2 core. The technological process flow is sketched in Fig. 2 . The starting stacked structure is substantially described in Fig. 2(a) . A SiO 2 lower cladding film (about 3 µm thick) has been deposited onto the Si wafer by Plasma-EnhancedChemical Vapor Deposition (PECVD) and the TeO 2 film has been sputtered onto it and covered by a silica cap-layer, sputtered from a rectangular 12''x2'' SiO 2 target, (RF Power 800W, Ar 50sccm, Pressure 1.1x10 -2 mbar); typical thickness of the cap-layer measures 50nm ÷ 120nm, the exact value being dependent on the etch depth of the rib structure and on the dry etching selectivity of silica over tellurite being equal to 1:5. The need for a silica caplayer can be explained when considering that a standard optical UV lithography technique is used, which employs a broadband mask-aligner (MA6 Karl-Suss, working at 280nm ÷ 450nm), standard resists and alkaline developers. However, sputtered amorphous TeO x films have proven to be soluble both in acid and alkaline aqueous solutions, what therefore represents a critical issue, because the developer would also dissolve the waveguide core. The SiO 2 cap-layer protects tellurium oxide films during lithography. Photoresist (UV6 -Rohm and Haas) is spun on top of the cap-layer and the masked stack is patterned in the maskaligner, as in Fig. 2(b)-(c) . After mask removal, the resist is developed while the cap-layer shields the tellurite film, as shown in Fig. 2(d) . The SiO 2 cap layer is etched by a Reactive Ion Etching (RIE) step in fluorine chemistry, optimized by tuning the reactive plasma characteristics through acting on radio-frequency source power, feed gas composition and pressure. An example of recipe and related parameters are reported in Table 4 . The endpoint of RIE step has been checked by SEM. The resulting structure is shown in Fig. 2(e) . A wet etching step in boiling acetone is used to remove the resist without etching the tellurite film. After the latter process step, a patterned silica hardmask is left, as sketched in Fig. 2(f) , which is eventually used for the dry physical etching in Ar plasma of the TeO 2 film, down to the selected depth, to obtain the rib geometry depicted in Fig. 2(g ). An example of related recipe is reported in the third column of Table 4 . The choice for a non-reactive dry etching solution for the definition of the rib in tellurite glass is motivated by the need to minimize post-etch surface roughness. Figs. 3(a) and 3(b) report the results of performing, respectively, a dry physical etching of sputtered tellurite films, compared to what issued by reactive ion etching in fluorine chemistry. In case of fluorine-based RIE, for a depth of about 100 nm, a peak-to-peak roughness of entity comparable to the etched depth is originated, what would introduce excessive scattering loss to optical waveguiding. Actually, even if some volatile reaction products like Tellurium esafluoride (TeF 6 ) and Tellurium tetrafluoride (TeF 4 ) are expected to be formed, additional non volatile reaction products may be generated, eventually causing micromasking effects and roughness. By performing non-reactive dry etching at low RF power and cathode temperature, the smoothness of surface is strongly improved with respect to the reactive approach. The sample shown in Fig. 3(b) has been etched in inert gas plasma, without generating any plumes and resulting roughness is negligible, if compared to the situation depicted in Fig. 3(a) . By the same recipe, etch depths down to 300 nm have been demonstrated, with similar roughness quality. Waveguide chips were prepared by cleavage, without any additional polishing step. Examples of as-cleaved chips are shown in Fig. 4 . The somewhat rough quality of the tellurite rib edge in Fig. 4(b) can be ascribable to a stressed condition of the silica under-cladding. The parameters of the structure shown in Fig. 4 (a) are listed in Table 5 . The slab fractional thickness is defined as the ratio between the etched depth and the overall thickness of the core layer. In the present case it corresponds to an etch depth of the TeO 2 core by 27nm, in addition to the full etching of the cap layer. 
Characterization
Optical propagation at λ = 1.5µm in tellurite rib waveguides has been tested on 7 mm-long specimen. The optical transmission, spectral response and insertion losses have been measured over a wavelength spectrum λ = 1520nm ÷ 1620nm and for both TE and TM polarization states. The optical set up is depicted in Fig. 5 , and based on a tunable laser source (P out = 5dBm) and an optical spectrum analyzer. Waveguides were placed on a vacuum holder and thermally stabilized; launch polarization was selected through a polarization controller. For a most efficient fiber-to-waveguide coupling, small-core fibers with a Mode Field Diameter (MFD) equal to ! 4 ± 0.3 µm have been used and aligned by use of feedbacked nanopositioning stages (5nm of spatial resolution in closed-loop). The modal distributions have been recorded by substituting the fiber output stage with an infrared camera equipped with 100X objective. Table 5 . Fig. 7(a) shows the BPM simulated fiber-to-waveguide butt-coupling efficiency at λ = 1570nm, as a function of the fiber MFD, in case of the rib described in Fig. 5(a) and Table 5 . The best coupling condition is achieved in case of small-core fibers and is characterized by estimated coupling losses of about 3.4 dB and 1.8 dB, in case respectively of TE and TM polarization; this result is substantially wavelength insensitive, as less than 0.1 dB of variation is numerically estimated on the whole spectral range 1520 nm ÷ 1620 nm. In order to evaluate propagation penalties, waveguides have been input and output-coupled to small-core fibers and total insertion loss has been measured. By assuming equal coupling losses at both waveguide facets, by neglecting additional loss contribution due to chip edge roughness and by subtracting the simulated values from measured ones, 6.3 dB/cm and 11.4 dB/cm are respectively estimated as transmission loss for the TE and TM modes, as shown in Fig. 7(b) . The discrepancy can be justified when noticing that the TM mode is more sensitive to the presence of film interfaces than the TE mode, as in Fig. 6 , and is therefore expected to undergo higher loss by scattering due to waveguide roughness. On the other hand, the high amount of loss is probably due to the presence of higher order leaky modes that might be excited by waveguides non-idealities such as sidewall roughness or by a slight launch tilt. The excitation of such higher modes would contribute to enhance both propagation loss and output waveguide-to-fiber coupling loss; this last issue would make our propagation loss values slightly over-estimated. Besides, by reducing the rib width and by increasing the etching depth, a true single-mode condition is eventually reached, when only fundamental TE and TM modes propagate. The technological feasibility of such a deep etching step is demonstrated in Fig. 4(a) . By BPM design, a rib width a = 1.7 µm and an etch depth of 220 nm would result in single mode propagation. For such a waveguide, less than 3 dB loss is expected for direct coupling with standard small-core fibers and a bending radius smaller than 0.5 mm for TM polarization (larger than 1 mm for TE polarization) is allowed, if a bending loss equal to 10 -2 dB/Rad is taken as a reference.
Conclusions
A technological path to the realization of high index contrast planar optical structures made of tellurite glass thin films has been demonstrated. Pure TeO x (x ≈ 2) sputtered amorphous thin films of sub-nanometer surface roughness, homogeneous structure and controlled optical properties have been deposited onto 4" silica-coated Si wafers. A suitable dry etching process has been developed, to pattern the tellurite glass films while avoiding the introduction of unacceptable amount of roughness and preventing the dissolution of sputtered TeO 2 . The process involves the use of low RF powers and etching temperatures and exploits a silica protective cap-layer, which also serves as a hardmask for the lithographic steps. Preliminary examples of rib waveguide structures have been reported, experimentally tested for optical propagation at λ = 1.5 µm. Less that 4 dB coupling loss are estimated with small-core fibers and 5.7 dB/cm propagation loss have been experimentally derived in case of fundamental TE mode. Results here presented can be considered as a step in the direction of integrating tellurite-based optics onto silicon platforms for more complex optical subsystems.
